Extensive testing showed, as predicted, that punched membranes, filled with a gel containing aqueous salt solutions, behave as superdielectric materials (SDM). Punched membrane superdielectrics employed herein consisted of a commercial cellulose based membrane material, Celgard 16 l thick, a material frequently used as a separator material in supercapacitors, into which macroscopic holes (ca. 2.5 mm) were punched with a laser cutter, and the holes subsequently filled with a gel-like material composed of fumed silica, NaCl and water. The gross dielectric constants measured, generally > 10 5 , and the energy densities, > 40 J/cm 3 during slow discharge, were in the range expected for superdielectric materials. The measured capacitance and energy density tracked the number of holes punched/area filled with the dielectric gel. Also, the observed power law decrease in all parameters including energy, power and capacitance, followed the same trends observed in other classes of SDM. Control studies included testing dielectrics composed of Celgard into which no holes were punched, but the SDM gel spread, also produced values consistent with the SDM model: no measurable capacitance using the standard protocol. Finally, the values measured suggest these materials rival the energy density of some common battery types at low discharge rates, and surpass the best commercial supercapacitors at low discharge rates.
INTRODUCTION
Superdielectric materials (SDM), first described in a publication in 2014 1, 2 are remarkable for dielectric values many orders of magnitude higher than any previously reported. The synthesis/discovery of SDM is not simply an unusually large breakthrough in dielectric values, it is also unprecedented in a general materials property sense. There are no recent discoveries of a material property so dramatically increased relative to the best previously known. For example, high temperature superconductors increased the temperature window over which superconductivity is found, but the original discovery of superconductivity was made decades earlier. The remarkably high surface area of graphene is a factor of 2 higher than other forms of carbon, synthesized and discovered far earlier.
SDM is an exemplary case of theory based science. SDM were generated, and then studied, on the basis of a theory, rather than discovered via extensive testing of materials. In brief, the theory predicts any insulating porous material containing a solution with a high density of free ions should be an SDM. This is because any material that forms dipoles of micron scale length upon the exposure to an electric field should be an SDM.
The original test of the theory was based on filling highly porous refractory oxides, for example alumina, with water saturated with boric acid, NaCl and other salts, the so-called powder-SDM (P-SDM). The theory indicated that extremely long dipoles would form in the pockets of solution filling the pores, leading to SDM behavior.
Following the successful demonstration that P-SDM acted as predicted according to theory, several other substantially different forms of 'predicted SDM' materials were tested. First, a variety of refractory oxides were filled with a number of different aqueous salt solutions. Porous, high surface area alumina, silica and fumed silica saturated to the point of incipient wetness with a variety of salt solutions including aqueous sodium chloride, aqueous sodium nitrate, aqueous ammonium chloride, were all found, as predicted, to behave as SDM. 3, 4 Second, anodized titania, 5 a material with a surface composed of a regular array of hollow, electrically insulating, titania nonotubes oriented perpendicular to the original metal surface, was used as the holding matrix for a SDM. Specifically, anodized titania foils were dipped in various aqueous salt solutions to fill the oriented hollow pores. Exhaustive testing showed the composites were exceptional SDM. 6, 7 The third class of SDM tested were woven material, specifically woven nylon, filled with salt solution. Once again, testing verified the theoretical expectation that these materials would be SDM. 8 The SDM theory also implicitly predicts other behavior. For example, it predicts that SDM will have a slow frequency response, and that this will lead to a 'roll off' of capacitance at relatively low frequency. Unlike solid dielectrics in which the motion of the dipoles is confined to the angstrom scale, the dipoles responsible for SDM behavior are formed by the motion of ions over micron length scales. Transport of this length scale, as in batteries, takes time and; hence, slows the frequency response. Many tests have now confirmed actual behavior is consistent with model predictions.
The experiments of the present manuscript were designed with two objectives. The first was to test the principles of the SDM model using an untested dielectric geometry and chemistry, predicted to display SDM behavior. The second objective was to distinguish two models by use of this standard scientific paradigm: Two theories can be distinguished by an experiment for which each theory predicts a different outcome. In particular, to determine which of two models of high energy density capacitors, electric double layer theory (EDLC), or the SDM model, is consistent with the outcome of a very simple series of experiments. In brief, a standard separator used in supercapacitors was modified by cutting different arrays of holes and filling them with a non-conducting gel containing dissolved salt. EDLC theory indicates this will have little or no impact on capacitor performance, and SDM theory predicts performance will be very strongly impacted, in fact having an increase proportionally to the total hole area. Regarding the outcome of the first objective: The data for this fourth predicted and tested type of SDM were consistent with the expectations of the SDM model. Regarding the second: It was found that only the SDM model was consistent with the measurements. In sum, all data is consistent with the SDM model; hence, the model, once again, is not debunked.
EXPERIMENTAL
The NPSupercapacitor electrodes were constructed of 0.3 mm thick Grafoil, a moderate surface area ( 22 m 2 /g) compressed natural graphite, 99.99% carbon 9,10 and a dielectric created by modifying a standard material employed as a separator in supercapacitors, Celgard PP1615 Microporous Membrane (Table I) , 16 l thick. The modification consisted of two parts: laser cutting macroscopic holes in the Celgard, and filling the holes with a fumed silica/aqueous NaCl gel.
The gel was created from three components, fumed silica (Sigma Aldrich, 0.007 lm avg. particle size, St. Louis, MO, USA) sodium chloride (Sigma Aldrich 10 mesh anhydrous beads), and de-ionized water in the weight ratio 1/2.3/8.7. This fumed silica/water ratio was chosen based on as the particular fumed silica employed, a very hygroscopic material, which reaches the point of ''incipient wetness'' at a weight ratio of 8.8 parts water to 1 part fumed silica. 4 The salt weight reflects a weight concentration of about 25% in water, safely below the saturation concentration of NaCl in water at 298 K, 36%. The gel formed after less than 5 min of hand mixing, is slightly cloudy, very viscous, and holds whatever shape into which it is molded for prolonged periods (Fig. 1) .
A total of seven capacitors, each with electrodes size 2 cm 9 2 cm, were created. The same protocol was employed in all cases (Fig. 2) . First, the dielectric gel was applied, very thin, to one Grafoil electrode. Next, a prepared/modified Celgard dielectric (3 cm 9 3 cm) was pressed into place. Notably, the punched holes were confined to a 2 cm x 2 cm region in the center of the dielectric. The Celgard was larger than the electrodes to insure full electric insulation between electrodes. The gel acted as a weak glue between the layers. Next, the second Grafoil electrode was placed on top. The modifications to the Celgard, key to testing the hypothesis presented herein, were simple. Holes were cut into the Celgard membrane using a programmed laser cutter (GCC LaserPro Spirit GLS). Five different 'hole patterns' were tested. Four capacitors were created with Celgard containing a different number of 2.5 mm in diameter holes ( Fig. 2) and a fifth was populated with holes 0.2 mm in diameter (Fig. 3) .
The final two capacitors were 'controls'. In one case unmodified Celgard was employed. In the second case, a very thin layer of paste was applied. In a few cases, two additional Grafoil layers were added to each electrode. No change in capacitance was detected as a function of the number of layers of Grafoil electrode present.
The hole patterns were chosen to determine if (1) capacitance is likely proportional to the total area of the 'holes' filled with fumed silica gel and (2) if the macroscopic hole size is a significant factor in determination of capacitance. The former was tested by having four different versions of holes of the same size, and the latter, in a first assessment, by using two different hole sizes. The laser cutter produced holes for the standard size (2.5 mm) were as designed, but the small hole size. 0.1 mm, was at the precision limit of the system, and the holes were actually about 50% larger diameter than designed (Fig. 3) .
Capacitance testing-Capacitance, density, power density, energy density, and dielectric constants were derived from 'constant current' galvanostat data (BioLogic Model SP 300 Galvanostat, Bio-Logic Science Instruments SAS, Claix, France). The device was operated in constant current charge/ discharge mode over a limited voltage range, 0.1-2.3 V. As noted elsewhere 11 data collected in this mode provides capacitance (current divided by the slope of the voltage-time data), energy (integral of area under the voltage time data multiplied by current), and 'power' (energy divided by discharge time). As described elsewhere, the data collected using this method is far easier to deconvolute to yield capacitance, energy and power than alternative methods such as cyclic voltammetry. Also, unlike impedance spectroscopy, [12] [13] [14] [15] which determines parameters from operation over a very small voltage range, ±15 mV, the constant current method analysis is based on operation over the full voltage range of the capacitor. Finally, by simply increasing/decreasing the current, the only true independent variable, it is possible to determine all parameters as a function of frequency. That is, the higher the current, the shorter the discharge time. For all capacitors the current was varied in nine steps between 2 mA and 75 mA (Table II) , and in all cases the current was the same for both the charge and discharge components of the cycle. Generally, the reported values of parameters are the average of ten cycles (ca. Fig. 3 ).
Capacitance is generally assumed to be independent of voltage; however, in this and earlier studies 1-4,6-8 it was found that the capacitance of SDM based capacitors is a function of voltage. This is exhibited by the deviation of the discharge versus time curves from the sawtooth pattern predicted by voltage independent capacitance (Fig. 4) . Capacitance for NPSupercapacitors is nearly constant from 0 V to 2.3 V for long discharges (> 50 s), but becomes an increasing function of voltage at shorter discharge times. Generally, capacitance, and concomitantly dielectric constant, decreases with increasing voltage as a function of discharge time. The shorter the discharge time, the more pronounced the departure from constant capacitance. For this reason, the capacitance and dielectric values reported are for the voltage region between 0 V and 0.8 V. In this voltage regime the voltage versus time relationship was always found to be nearly linear for all discharge times greater than 0.01 s, indicating constant capacitance over this voltage region. Given the extreme dependence of capacitance on discharge time even at ca. 0.1 Hz, NPSupercapacitors, like all other supercapacitors, are not appropriate for use in electronic systems. The purpose of these capacitors is to serve as energy storage or power delivery devices only. Hence, the power and energy performance as a function of frequency is reported.
RESULTS/DISCUSSION
The general SDM theory predicts non-conductive membranes into which macroscopic holes are punched, subsequently filled with a gel composed of silica gel saturated with aqueous NaCl solutions, will be SDM. [6] [7] [8] 11 That is, the ions within the gel, created from dissolved NaCl, will align in the presence of the field on the electrodes. The polarization of the dielectric resulting from field induced 
At each step ten charge/discharge cycles were recorded. movement of dissolved ions in liquid will be opposite that of the electrodes. Hence, at every point in space, both inside and outside the dielectric volume, the net electric field will be lower than it is in the absence of a dielectric. Moreover, as the ions in the SDM move farther than those in a solid, the effective dipole strength of an SDM dielectric will be far higher than any solid. This will lead to enhanced field cancellation relative to a solid dielectric. In turn this leads to higher values of capacitance, dielectric constant and energy density. The data are clearly consistent with the theory. It also supports the related implications of the theory that, (1) the net capacitance, energy density, etc. track with the net area of the holes in the membrane, and (2) hole size is of secondary importance. The data also show the capacitance, dielectric constant (below 1 V), energy and power densities all follow a power law pattern as a function of discharge time. The data are also inconsistent with that expected on the basis of the standard model of supercapacitors. Indeed, there is virtually no capacitance observed in the 'standard' supercapacitor configuration of Celgard between carbon electrodes, nor is there any observed increase in capacitance associated with increasing the volume of the carbon electrodes. Finally, using a Ragone Chart 16, 17 it is demonstrated the PM-SDM based NPSupercapacitors are superior to all existing and prototype non-SDM based capacitors.
Capacitance
In recent work it was demonstrated that a test of the performance of NPSupercapacitors versus a range of currents will yield power law relationships between all parameters of interest and discharge time. The finding that all data, for example capacitance (Fig. 5) , measured can be plotted to be nearly linear on a log/log plot is consistent with this prediction.
It is also notable that, according to the theory, only that component of the membrane organized to allow dissolved ion dipoles to 'set up' will play an active role in determination of capacitance. That is, only the area ('percent effective area' or PEA) filled with the fumed silica/aqueous salt gel should contribute significantly to capacitive behavior. Thus, the capacitance should increase as the PEA increases. This is observed. As the number of holes of the same size increases, and concomitantly the PEA, in the sequence 4 holes, 9 holes, 16 holes, and FCC configuration the capacitance, and the maximum observed discharge time increase.
One issue that needs further comment is the noncontribution of the micron scale holes in the Celgard itself. Indeed, control studies of samples into which no macroscopic holes were created showed no measurable capacitance within the parameter space employed. Specifically, using the standard schedule of current (Table II) no reliable capacitance data was obtained. All data, even at the lowest current of 2 mA, was to the 'left of the red line' (Fig. 5) . That is, the charge/discharge cycles were so rapid that there was voltage overshoot (ca above 2.3 V and below 0.1 V), and other distortions, both during charge and discharge. This simply indicates the Galvanostat was not capable of reliably measuring data using the standard settings; hence, such data is not reportable.
Why does not the 40% of the Celgard composed of holes (Table I) , contribute to the performance? This is attributed to the fact that the fumed silica/ aqueous salt gel simply cannot enter these very fine holes. Without the true dielectric material filling the holes/pores in the Celgard, that area is not effective PEA. It is likely a true liquid could enter the very small Celgard pores. However; observation shows the gel to be very stable; hence, no salt solution 'bleeds' from the gel. Notably, preliminary data, reported elsewhere, 18 with liquid SDM solutions indicates the pores in the Celgard do contribute to the SDM based capacitance. PEA and See Fig. 2b. hence capacitance, energy and power density should, and do, track the number of holes, for cases in which the holes are the same size (Table III) . The failure of the controls to produce measurable capacitance is yet another in a string of empirical data that show SDM and Supercapacitors are fundamentally different. In particular, in this case it is shown the 'supercapacitor' configuration has virtually no capacitance. Supercapacitors consist of high surface area conductive material (almost exclusively forms of carbon) electrodes, with a separator, designed to prevent a short circuit between the electrodes. In many studies the separator is Celgard. [19] [20] [21] Thus, the controls employed herein are, 'supercapacitors': carbon electrodes and a Celgard separator. The control studies performed herein show this 'supercapacitor' configuration displays no measurable capacitance in the parameter space studied. This is not surprising given the relatively low surface area of the Grafoil. Indeed, even increasing the amount of electrode material by using three layers of Grafoil for each electrodes, did not yield measurable capacitance.
Dielectric Constant
There is no aspect of supercapacitor theory that predicts the value of PEA will change any performance parameter. In contrast, the theory of NPSupercapacitors suggests that the net capacitance should only be a function of PEA. The data for all parameters, including dielectric values (Fig. 6) , show (1) the dielectric values are well above the minimum required to qualify as SDM (> 10 5 ), (2) the dielectric increases with increasing PEA, and (3) the values 'collapse' toward a single line when normalized to the PEA, rather than the total electrode surface area.
Energy Density
Energy density is a key parameter for evaluation of NPSupercapacitors (Fig. 7) . Given the poor frequency response of these capacitors, energy storage, and power delivery at relatively low (ca. > 0.01 s) discharge rates, are the likely applications for SDM based capacitors. Energy density is not only a better performance indicator, it is also a better 'characteristic parameter' than capacitance or dielectric constant. The latter two values are only meaningful over limited ranges of voltage (Fig. 4) , whereas the energy density is derived from integration of the entire discharge curve. The measured energy densities, based only on the dielectric volume, clearly follow the discharge time dependence found in earlier studies of NPSupercapacitors. It is notable that the highest energy density measured for this capacitor was almost exactly 40 J/cm 3 for the 'many hole' dielectric at a discharge time of about 135 s.
It is also apparent that the energy density is largely a function of the volume associated with PEA. As shown (Fig. 7b ) all the energy density curves collapse toward a single value if energy density is linked only to PEA, and not to the total volume of the dielectric.
Power Density
The power density, computed as totally energy delivered per total discharge time, was found in this case, as in all cases with NPS, 7 to increase as the discharge time decreased (Fig. 8) . This indicates that the discharge time decreases faster than the energy density decreases. This trend is potentially significant as power delivery at short pulse times is the most likely application for this type of capacitor.
CONCLUSIONS
Another example of the SDM hypothesis is demonstrated with this work. There are two major differences between this work and earlier SDM studies. First, a gel-like compound containing 'salt water', a compound material that maintains its shape, and shows no tendency to bleed liquid, is employed as the dielectric rather than simply a salt water solution. Second, the non-conductive dielectric 'matrix' consists of a simple 'plastic' into which macroscopic holes were cut, thus allowing the dielectric gel to span the space between the two conductive electrodes. Clearly, this configuration could be easily and inexpensively manufactured on a large scale.
All observed behavior is consistent with the SDM hypothesis. First, in the absence of any macroscopic cut holes no measurable capacitance is observed using the particular protocol repeatedly employed. Yet, the physical structure of the control capacitors, two carbon electrodes with Celgard between, is exactly the structure of many electric double layer capacitors (EDLC), that is supercapacitors. The 'supercapacitor' configuration tested shows no apparent capacitance, indicating observed capacitance cannot be explained using the standard EDLC theory. Second, the capacitance, net dielectric constant as well as energy and power density, closely track the PEA. According to SDM theory, the Performance on a Ragone chart The four points shown (see X) for PM-SDM performance were plotted from data taken directly from measured values of (i) power density (Fig. 7) , (ii) corresponding values of energy density (Fig. 6) , and (iii) a conservative computation of the dielectric density, 1.15 g/cm 3 . The data points clearly fall along a straight line. Extrapolated, this line intersects known battery performance regions. Earlier work with another form of SDM 11, 21, 22 shows similar, but superior, behavior (see 'NPS' on chart). capacitance should track with the length of dipoles formed between electrodes and the density of these dipoles. The latter value should roughly track with the PEA, and not the total dielectric volume. That is, only in the macroscopic holes cut in the Celgard can long dipoles form in the gel. And there certainly is no basis in EDLC theory for anticipating that capacitance can be improved dramatically by creating macroscopic holes in the separator layer. According to EDLC theory, only an increase in the volume of conductive electrode material can substantial impact net capacitance. 11 Finally, it should be noted that the corresponding measured energy and power density values, plotted on a Ragone Chart indicate that PM-SDM based capacitors appear to have performance better than most capacitors, and are predicted to perform better than nearly all battery types. In particular, the power/energy values for the FCC hole, based on total dielectric volume (not PEA), lie along a straight line (Fig. 9) , and this line extrapolates, for very slow discharge, to a performance equivalent to lithium ion batteries. Also, in Fig. 8 are the results, described in more detail elsewhere [22] [23] [24] [25] for NPSupercapacitors based on aqueous KOH solutions filling vertical tubes in the oxide layer of anodized titania (T-SDM). An extrapolation of the performance of those capacitors appears to surpass that of even lithium ion batteries. The results for both PM-SDM and T-SDM are truly notable as the standard paradigm is that batteries always far outperform capacitors by this metric. Finally, it should be noted there is an advantage to the PM SDM relative to T-SDM: The former are less expensive, and simpler to fabricate.
